ABSTRACT Background: A midupper arm circumference (MUAC) ,115 mm and weight-for-height z score (WHZ) or weight-for-length z score (WLZ) less than 23, all of which are recommended to identify severe wasting in children, often identify different children. The reasons behind this poor agreement are not well understood. Objective: We investigated the association between these 2 anthropometric indexes and body composition to help understand why they identify different children as wasted. Design: We analyzed weight, length, MUAC, fat-mass (FM), and fat-free mass (FFM) data from 2470 measurements from 595 healthy Ethiopian infants obtained at birth and at 1.5, 2.5, 3.5, 4.5, and 6 mo of age. We derived WLZs by using 2006 WHO growth standards. We derived length-adjusted FM and FFM values as unexplained residuals after regressing each FM and FFM against length. We used a correlation analysis to assess associations between length, FFM, and FM (adjusted and nonadjusted for length) and the MUAC and WLZ and a multivariable regression analysis to assess the independent variability of length and length-adjusted FM and FFM with either the MUAC or the WLZ as the outcome. Results: At all ages, length showed consistently strong positive correlations with the MUAC but not with the WLZ. Adjustment for length reduced observed correlation coefficients of FM and FFM with the MUAC but increased those for the WLZ. At all ages, both lengthadjusted FM and FFM showed an independent association with the WLZ and MUAC with higher regression coefficients for the WLZ. Conversely, length showed greater regression coefficients for the MUAC. At all ages, the MUAC was shown to be more influenced than was the WLZ by the FM variability relative to the FFM variability. Conclusions: The MUAC and WLZ have different associations with body composition, and length influences these associations differently. Our results suggest that the WLZ is a good marker of tissue masses independent of length. The MUAC acts more as a composite index of poor growth indexing jointly tissue masses and length. This trial was registered at www.controlled-trials.com as ISRCTN46718296. Am J Clin Nutr 2015;102:593-9.
INTRODUCTION
Acute malnutrition is a serious concern worldwide, especially during the first 1000 d of life, which is a crucial period of development (1) . Global estimates indicate that wasting, which is a type of acute malnutrition characterized by acute mass loss (2), affects 52 million children aged ,5 y, including 8.5 million infants aged ,6 mo (henceforth referred to as infants), and accounts for 11.5% of their total deaths (1, 3) . Moreover, severe wasting affects 19 million of these children and accounts for 7.8% of their total deaths (1) . Beyond its short-term impact on survival and health, this wasting burden has long-lasting consequences for both individuals and societies (4) .
The WHO/UNICEF joint statement for the identification of severe wasting in children aged 6-59 mo (henceforth referred to as children) recommends the use of the following 2 different anthropometric indicators: a midupper arm circumference (MUAC) 10 and weight-for-height z score (WHZ) with cutoffs ,115 mm and less than 23, respectively (5, 6) . However, data have shown poor agreement between these 2 indicators because they often identify different children as severely wasted (7, 8) . Furthermore, each indicator predicts mortality risk in children differently with the MUAC predicting it better than the WHZ does (9) (10) (11) . Among the reasons suggested that might explain this 1 Supported by the Danish Council for Strategic Research-Programme Commission on Food and Health, by Danida through the Consultative Research Committee for Development Research (104.Dan. , and by the University of Copenhagen. 2 Funding bodies had no role in the study design, data collection, data analysis, data interpretation, or decision to publish the findings. 3 Supplemental Tables 1 and 2 are available from the "Supplemental data" link in the online posting of the article and from the same link in the online table of contents at http://ajcn.nutrition.org.
*To whom correspondence should be addressed. E-mail: c.eternod@ucl. ac.uk.
poor agreement is that low MUAC values are more likely to identify children as wasted who are either girls, younger, or have lower heights (7) .
To understand why the MUAC and WHZ identify different children as malnourished, it would be helpful to know how each anthropometric index relates to body composition (12) . Most studies have been unable to address this issue because they either have lacked body-composition information or have inferred it from anthropometric measures (13); although see Jensen et al. (14) , Rolland-Cachera et al. (15) , and Chomtho et al. (16) .
This issue is of particular interest in infants, which is an age group for whom there is uncertainty over the use and interpretation of anthropometric data, because the current guidelines are based on weak evidence. Therefore, this issue has been identified as a research priority (6) .
With the use of data from a study of healthy infants from Ethiopia (17), we aimed to investigate the association between the 2 anthropometric indexes and body composition with adjustment for the influence of length, age, and sex.
METHODS

Study population
We analyzed data from a birth cohort study in Jimma, Ethiopia, that was used to develop reference growth data of body composition in infants (www.controlled-trials.com; ISRCTN46718296). The study was described in detail elsewhere (17) . Briefly, 595 infants without congenital malformations and with birth weight $1500 g were recruited at birth (9 children had a gestational age ,37 wk) from women who delivered at Jimma University Specialized Hospital. Within 48 h after birth, anthropometric and bodycomposition data were collected. Infants returned for additional examinations at 1.5, 2.5, 3.5, 4.5, and 6 mo of age, although not all infants attended every visit (n = 436, 444, 446, 415, and 441 for each visit, respectively).
Measurements
Briefly, gestational age was estimated #48 h after birth by a physical examination according to the New Ballard Score (18) . Length was measured to the nearest 0.1 cm by using a SECA 416 Infantometer (SECA). The MUAC was measured to the nearest 0.2 cm by using a standard measuring tape. The length and the MUAC, in the same arm, were obtained in duplicate, and the average was used for analysis. Weight and body density (D b ) were measured by using the PEA POD (COSMED USA) airdisplacement plethysmography device specifically developed for infants (19) . Air-displacement plethysmography is considered a fast, safe, precise, and accurate densitometric technique to assess body composition in neonates and infants (20, 21) . The technique, which has been validated in this population, estimates fat mass (FM) and fat-free mass (FFM) as described previously (17) . Briefly, by using a 2-component model of body composition (FM and FFM), the FM percentage was calculated by using the measured D b with the assumption of a constant FM density (D FM ) of 0.9007 g/mL and an FFM density (D FFM ) range from 1.063 g/mL at birth to 1.067 g/mL at 6 mo of age as outlined by Fomon et al. (22) 
FM in kilograms was obtained by multiplying weight by the FM percentage, and FFM was determined as the difference between weight and FFM.
Data handling
To adjust anthropometric measures for age and sex, we converted anthropometric data to the following z scores: MUACfor-age, weight-for-age, weight-for-length, length-for-age, and BMI-for-age on the basis of 2006 WHO Child Growth Standards (25) by using the WHO igrowup_stata macro (http://www.who. int/childgrowth/software/en/).
Data included for analysis
A set of 2519 infant measurements, with complete data of the MUAC, weight-for-length z score (WLZ), and body composition, were available for analysis. Of these, we removed 37 measurements from the analysis because they presented negative FM values (36 measurements at birth and one measurement at 1.5 mo of age). We removed an additional 12 infant measurement points identified as either outliers (9 outliers) after the use of the BACON algorithm (26) , which is a tool for the outlier detection of related variables (i.e., weight, length, MUAC, and body density) or that were flagged as biological implausible anthropometric values (4 flags) by using WHO cleaning criteria for anthropometric data (2) . We used a final sample of 2470 infant measurement points (98.1% of the original) for this analysis.
Conceptual approach to body composition
It has been well established that tissue masses, representing body composition, reflect both the effects of body size and growth and of nutritional status. For instance, studies in older age groups have shown that height is positively associated with both FFM and FM (27) (28) (29) , whereas much of the variability in FFM and FM is also independent of height. These associations are expected in any age group; hence, nutritional status can be assessed either in absolute terms (e.g., kilograms of FFM and FM) or after adjusting for the influence of body size (i.e., length or height).
The influence of body size on body composition is conceptualized in Figure 1 , where the body is treated as a cylinder, the length of which represents that of the body. The cylinder volume is proportional to the mass (assuming a given density of body tissues), and 2 cylinders can be taken into account that reflect FFM and FM. There is a close association between length and FFM because muscle mass scales with limb length. A key role of FM is to provide energy for the FFM during chronic energy deficiency. Because a larger FFM requires a larger FM to secure the energy availability for any given duration of energy deficiency and FFM scales with length, FM is also expected to scale with length. A preliminary analysis confirmed that length was significantly associated with FM at every age (P , 0.05), and this association remained evident even after adjusting for FFM, which had a much weaker association with FM than length did (data not shown). Once FFM and FM were adjusted for the influence of length, cylinder volumes reflected the nutritional status independent of body size.
To operationalize this approach in our analysis, we adopted a modified version of a method known as unexplained residuals (30, 31) to generate length-independent body-composition variables. With stratification by sex and age at visit, we first regressed FFM against length to obtain length-adjusted FFM residuals (henceforth reference to as length-adjusted FFM), which we standardized by dividing by the SD of residuals. We used a similar approach to obtain length-adjusted FM residuals (henceforth referred to as length-adjusted FM). Our approach rendered the values of length-adjusted body-composition components equivalent to z score units, each of which were statistically independent of length and of each other (Supplemental Table 1 ), and also specific to age and sex.
Statistical analysis
First, we aimed to understand the crude association between each anthropometric index and FFM and FM in infancy by addressing the influence of length on these associations. For this aim, we used a Spearman correlation analysis to assess associations between length, FFM, and FM (adjusted and nonadjusted for length) and the MUAC and WLZ.
Second, we aimed to understand how much of the variability of the MUAC or WLZ might be explained by the independent variability of length and each length-adjusted body-composition component. For this aim, we used a multivariable regression analysis with either the MUAC or WLZ as the outcome.
We reported standardized regression coefficients, which indicated how many SD units of the outcome were associated with the change in one SD unit in the predictor. This approach facilitated the comparison of regression coefficients between predictors both within and between regression models. Within models, we also expressed the standardized regression coefficients as ratios (i.e., the length-adjusted FM standardized regression coefficient divided by the length-adjusted FFM standardized regression coefficient). This method gave a simple indication, with the predictive quality of any given model held constant, of the relative success with which length-adjusted FM and FFM predicted the outcome.
Our analysis treated the data as cross-sectional and stratified analyses by the age at visit to better match anthropometric assessments of infants in field conditions. All statistical analyses were done with Stata software (Stata Statistical Software: release 12, 2011; StataCorp LP).
Ethics statement
The Jimma University Ethical Review Committee granted ethical permission (reference RPO/56/2001), and the Danish National Committee on Health Research Ethics provided consultative approval. Details on the ethical approval are provided elsewhere (17) . Table 1 summarizes infant characteristics stratified by age. Although the number of infants measured was different at each visit, the percentage of male infants remained between 48.1% and 50.9%. As expected, most anthropometric and body-composition mean values were generally greater at older ages. As previously reported (17) , early growth prioritized the fat accumulation.
RESULTS
Infant characteristics
Mean WLZs and mean weight-for-age and BMI-for-age z scores were lower than WHO standards at birth but increased with age. Conversely, length-for-age mean z score values were slightly below the WHO standard at birth, temporarily increased, and declined again.
Influence of length on the association between anthropometric measures and body composition Table 2 shows the correlations between body composition (adjusted and nonadjusted for length) and anthropometric indicators. At all ages, length showed a strong positive association with the MUAC, whereas it showed a negative association with the WLZ from birth to 2.5 mo of age and no association thereafter.
For body-composition data, we observed 2 sets of patterns in the correlation analysis. First, at most ages, the MUAC showed significantly stronger correlations with nonadjusted FFM and FM than did the WLZ. However, an adjustment for length reversed this pattern. Second, correlations of the MUAC with lengthadjusted body-composition components were consistently and significantly smaller at all ages than were those observed for nonadjusted FFM or FM. We observed the opposite for the WLZ. Thus, the WLZ and MUAC have different associations with body composition. Furthermore, these associations are influenced differently by body size.
FIGURE 1
Diagram illustrating a conceptual approach to body composition in infants by considering the following 3 independent components: length and both fat-free mass and fat mass independent from length.
Associations of length-adjusted body composition and anthropometric indicators
The ability of length-adjusted body composition to explain the variability in the MUAC or WLZ was analyzed by using a multivariable regression analysis stratified by the age at visit as described in Figures 2 and 3 , Table 3 , and in more detail in Supplemental Table 2 . Figure 2 illustrates standardized regression coefficients. At all ages, both length-adjusted body-composition components showed independent positive associations with the MUAC and WLZ. In addition, the standardized regression coefficients were, at most times, greater for the WLZ than for the MUAC. Conversely, the findings for length were more variable. Length showed a negative association with the WLZ from birth to 2.5 mo of age and a positive association at later ages, whereas for the MUAC, length showed a positive association at all ages. The absolute values of standardized regression coefficients of length were greater for the MUAC than for the WLZ. Table 3 shows coefficients of determination for the MUAC and WLZ stratified by the age at visit. The regression model, at all ages, explained .97% of the WLZ variability but only 59-74% of the MUAC variability. The removal of length from the model reduced the coefficient of determination much more for the MUAC than for the WLZ.
We evaluated the relative contributions of each length-adjusted body-composition component to the MUAC and WLZ variability 2 Correlation value is different from zero (P , 0.05). 3 Correlation value is different from that observed for the MUAC (P , 0.05). 4 Correlation value is different from that observed for its length-adjusted counterpart (P , 0.05). by calculating the ratio of their regression coefficients (Supplemental Table 2 , Figure 3 ). This ratio gave an indication of the relative degree to which the variability in each anthropometric index was explained more by either the FM or FFM variability. First, at all ages, the MUAC was more strongly associated with the FM variability than with the FFM variability. Second, at all ages, the MUAC had a stronger association with the FM variability than did the WLZ. Finally, for both anthropometric outcomes, the association with the FM variability relative to that with the FFM variability strengthened with age.
DISCUSSION
To our knowledge, this is the first study to show contrasting associations of the MUAC and WLZ with body size and composition during infancy, which is a period of the life course when nutritional status is a key predictor of survival in undernourished populations. Although our analysis was conducted in a healthy population, it sheds new light on the components of nutritional status that are indexed by the 2 most-widely used anthropometric outcomes in public health nutrition. Furthermore, this approach may help to understand why the 2 markers identify different children as wasted and why, in undernourished populations, the 2 indexes have differing ability to predict mortality.
First, we showed that length-adjusted body-composition components had consistently stronger associations with the WLZ than with the MUAC. This means that the WLZ is a better overall anthropometric marker than the MUAC is of relative tissue masses. Second, we observed that the contribution of length to the association between anthropometric measures and body composition differed between the WLZ and MUAC. Length explained the greater variability in the MUAC than in the WLZ, which suggested that the MUAC is a stronger marker of growth than is the WLZ. Finally, although its overall association with tissue masses was weaker, the MUAC was more-strongly associated than was the WLZ with the variability in adiposity relative to the variability in FFM.
Most previous studies have considered whether anthropometric indexes can predict body-composition components (e.g., FFM, FM, or regional FFM) (14, 16) . We undertook the reverse analysis to understand which body-composition components explained the variability in anthropometric indexes and, hence, to understand the different functional implications of the MUAC and WLZ. Nonetheless, despite age and methodologic differences, some findings were common to both approaches.
For instance, a stronger association of the MUAC with FM than with FFM was also shown in 3-y-old children from Sweden (14) and in healthy and sick 9-y-old children from the United Kingdom (16). In the current study, we have shown that this scenario applies also to infants even after adjustment for length. Equivalent findings for the WLZ were weaker.
Our findings contradict the previous suggestion that the MUAC measures body-composition components more directly than does the WLZ (7, 32) . This contradiction was unlikely to be explained by the younger age of our sample but could have been attributed to the importance of adjusting for length in the analysis as was previously FIGURE 2 Comparison of standardized regression coefficients for predicting the MUAC or WLZ in infants aged 0-6 mo. Results are means (95% CIs) and were obtained from a multivariable regression analysis model that included length, length-adjusted FM, length-adjusted FFM, age, and male sex. The regression analysis was stratified by the age at measurement, and results are presented as such. FFM, fat-free mass; FM, fat mass; MUAC, midupper arm circumference; WLZ, weight-for-length z score.
FIGURE 3
Comparison of the ratio of length-adjusted FM to lengthadjusted FFM standardized regression coefficients for predicting the MUAC or WLZ in infants aged 0-6 mo. Results are means (95% CIs) and were obtained from a multivariable regression analysis model that includes length, length-adjusted FM, length-adjusted FFM, age, and male sex. The regression analysis was stratified by the age at measurement, and results are presented as such. FFM, fat-free mass; FM, fat mass; MUAC, midupper arm circumference; WLZ, weight-for-length z score.
recommended for older children (16) . Furthermore, because of the narrow age ranges at each measurement visit in our study, our analysis provides good evidence that, in infants, the confounding effect of length in these associations is independent of age.
A crucial issue in public health nutrition is to identify and use the most-sensitive marker of malnutrition to minimize mortality risk and prevent functional penalties. It has been generally accepted that low MUAC values predict mortality better than low WLZ values do (9, 10, 14) . Consequently, there is a growing trend to equate the phenotype of wasting with that of greater risk of dying (7, 33) ; however, the reason for this difference in performance remains unclear. Our findings showed that, in infants, the WLZ variability better reflected the body-composition variability, which is a marker of nutritional status, whereas the MUAC variability reflected the length variability strongly (in other words, growth status). How much the greater capacity of the MUAC to predict mortality may be explained by the penalties of poor growth [stunting has been estimated to independently account for 17% of the total deaths of children aged ,5 y (1)], remains unknown.
Because of the difficulty of measuring body composition in young children directly, there remains considerable uncertainty regarding whether FM or FFM is the key tissue that promotes survival during moderate malnutrition. Muscle mass has been proposed as the main determinant of child survival (34) , and the MUAC has been suggested to be the anthropometric measure that best indexes muscle mass directly (7, 14) . However, after the adjustment of body-composition data for length, we observed that the MUAC's association with FFM was weaker than was its association with length. Furthermore, we observed the MUAC variability to be more-strongly associated with FM than with FFM.
An alternative proposition is that FM plays a key role in promoting survival during undernutrition. Few studies have tested this hypothesis directly, but low concentration of leptin, which is the hormone secreted by the adipose tissue and a key mediator of immune function and a marker of adipose tissue reserves, predicted mortality in malnourished infants from Uganda (35) . A previous supplementation study in Zambian infants showed that greater nutritional intakes from 6 to 9 mo of age resulted in greater FM than FFM at 9 mo of age (36), which might have indicated a preferable allocation of energy to the tissue that was most likely to promote survival at this age. It is also possible that populations vary in the optimal depot for depositing fat for combating infectious diseases because of potential differences between diseases in tissues that contributes to the immune defense (37) . This prospect raises the possibility that the association between the MUAC and survival may not be constant across populations.
These debates cannot be resolved without measuring body composition and anthropometric measures in malnourished populations, and our current analyses apply only to healthy infants and not necessarily to older age groups. Nevertheless, our current analyses generate the hypothesis that the WLZ and MUAC differ in their ability to index growth vs. nutritional status. We suggest that, although the WLZ may act as the best marker of tissue masses independent of growth status, the MUAC may represent a morecomposite index of poor growth by jointly indexing stunting and wasting (including low adiposity). Therefore, our analyses may provide an important framework for investigating these associations further. Currently, the limited understanding of why the MUAC predicts mortality better than the WLZ does in malnourished populations hinders the development of public health interventions that could maximize survival rates.
In conclusion, our results indicate that, in healthy infants, the MUAC variability and the WLZ variability reflect the nutritional status differently. Note that programs that provide care for severe acute malnutrition that previously identified severely wasted children by using a low-WHZ criterion are increasingly adopting a low MUAC-only criterion for selecting children that will receive treatment (7) . Likewise, the use of a low MUAC has been suggested for identifying infants at high risk of death to receive treatment because of the current absence of better evidence (32) . An improved understanding of the contrasting associations of the WLZ and MUAC with growth and body-composition outcomes in malnourished populations is likely to stimulate the development of interventions that can minimize mortality risk and functional penalties of malnutrition in early life.
